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DAPPENDIX 1.
Each optical measurement session lasted approximately
10 to 15 minutes. Cerebral hemoglobin concentrations
([HbO2] and [Hb]) and BFI were measured sequentially
over the right and left frontal cortex with DOS and DCS,
for a total of 4 measurements over each hemisphere. To en-
able the measurement of absolute [Hb] and [HbO2], DOS
data were also collected on a solid phantom with known op-
tical properties during every optical measurement session.
The phantom data facilitated calculation of the coupling co-
efficients between optical fibers and tissue.24
Diffuse optical spectroscopy data were analyzed using
the semi-infinite solution to the photon diffusion equation
for a homogeneous medium. The phase and AC amplitude
(AC) of the detected light are used to quantify the optical
properties of the tissue. Specifically, the slope of
phase versus source-detector separation (r) and the slope
of ln(AC 3 r2) versus r were determined and used to com-
pute tissue absorption and scattering coefficients: ma(l) and
ms
0(l), respectively.16 Data were discarded if these linear fits
had a Pearson R2< 0.975. In the near infrared, tissue ab-
sorption in brain tissue is primarily a result of [HbO2],
[Hb], and water:
maðlÞ ¼ εHbO2ðlÞ½HbO2þεHbðlÞ½Hbþ0:75ma;H2OðlÞ: [1]
Here, εHbO2ðlÞ and εHb(l) are the known wavelength ex-
tinction coefficients of HbO2 and Hb, respectively,The Journal of Thoracic and Cama;H2OðlÞ is the absorption of pure water at wavelength l,
and we have assumed that the brain tissue volume is approx-
imately 75% water. We reconstructed average [Hb] and
[HbO2] from tissue absorption measurements at 2 wave-
lengths (688 nm and 826 nm) via the system of 2 equations
generated by Eq. 1. From [Hb] and [HbO2], we derived
ScO2: ScO2h [HbO2]/([Hb]þ [HbO2])3 100%. Cerebral
tissue oxygen saturation was calculated for each of the 8
measurements taken during the measurement session.
These 8 values were then averaged together to quantify
a mean ScO2 at each measurement time point.
For DCS, each measured intensity autocorrelation func-
tion was fit to obtain a BFI using the semi-infinite solution
to the correlation diffusion equation for a homogenous me-
dium.16,17 The measurements of BFI from the right and left
cortex were averaged together to quantify mean BFI for
each measurement time point. Note that the tissue optical
properties ma and ms
0 at the DCS wavelength (785 nm) are
required inputs to the fit for BFI. Although we only
measured these coefficients at 688 nm and 826 nm,
we were able to derive ma(785 nm) using measured
[Hb] and [HbO2] along with the known Hb and
HbO2 extinction coefficients at 785 nm using Eq. 1. To de-
rive ms
0(785 nm), we assumed a power-law wavelength
dependence for ms
0(l) (ie, ms0(l) ¼ Alb), where A and
b depend on the size and number of scatters.25
The data acquired from DOS and DCS—namely, ScO2
and BFI—were combined to give a measure of change in
CMRO2 by using a steady-state compartmental model of
oxygen exchange between capillaries and tissue, which
has been derived and discussed in detail elsewhere.16,23
Within this model, the relative change in CMRO2
(or rCMRO2) at time t relative to the preoperative value is
rCMRO2ðtÞ ¼ rCBFðtÞ3rCaO2ðtÞ3rOEF3100%: [2]
Here, rCBF(t)h BFI(t)/BFIpre is the relative change in
postoperative BFI measured at time t from the preoperative
BFI value, rCaO2(t) h CaO2(t)/ CaO2pre is rCaO2, and
rOEFh (SaO2(t) – ScO2(t))/(SaO2 – SaO2)pre 3 SaO2pre/
SaO2 (t) is rOEF. The subscript pre is used to indicate the
preoperative measurement. Note that 2 terms contribute to
the final estimate of rCMRO2: relative change in oxygen de-
livery to tissue (rDO2h rCBF(t) 3 rCaO2(t) and relative
change in oxygen extraction.Discussion
Dr Christian Pizarro (Wilmington, Del). Dr Licht and col-
leagues have presented an important work using a novel and non-
invasive technique to monitor early postoperative changes in
cerebral metabolic rate compared with preoperative levels in a co-
hort of neonates undergoing cardiac surgery. For this purpose they
evaluated 30 newborn children who underwent either the Norwood
procedure or biventricular repair during the first week of life.rdiovascular Surgery c Volume 145, Number 1 203
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DNot surprisingly, the authors observed a decrease in CaO2, arte-
rial oxygen content, and ScO2 from preoperative values in the sin-
gle-ventricle subgroup, to some extent possibly influenced by
reflection of controlled pulmonary blood flow and decrease in
Qp/Qs.
In addition, CBF and CMRO2 were decreased, which reaffirms
previous observations on the delayed recovery of CBF after
DHCA. On the other hand, patients undergoing 2-ventricle repair
exhibited an appropriate increase in CaO2 and content, and a de-
crease in CBF from preoperative levels, whereas extraction was in-
creased significantly, which leads me to the first question.
I noticed in your slide that patients in the 2-ventricle group were
extubated early after surgery. What percentage of these patients
were extubated or in a weaning mode from mechanical ventilation
at the time the first measurement was taken, which I understand
was about 1.5 hours after separation from bypass? It is possible
that some of the difference observed could be influenced by the
different patient conditions at the time measurement was taken.
In addition, were there any significant differences in temperature
between the single-ventricle and the 2-ventricle groups?
Dr Licht. Patients with 2-ventricle repairs were extubated soon
after return to the CICU from the operating room. In about half,
extubation was delayed and we were able to make the initial mea-
surement under conditions of mechanical ventilation; in the other
half, extubation delayed our making our first measurement, but I
don’t have those numbers separated for you right now.
In terms of temperature, they were all the same temperature on
arrival. I believe the protocol is separation from bypass at 35C and
patients are all rewarmed to 36.5C on return to the CICU.
Dr Pizarro. Second, evidence suggests that cerebral vascular
autoregulatory mechanisms are dysfunctional after circulatory ar-
rest, resulting in an increased cerebrovascular resistance and de-
creased CBF. Moreover, the absence of a vasodilatory response
to hypoxemia leaves the cerebral circulation vulnerable to changes
in perfusion pressure and oxygen content in the blood. To deter-
mine the potential influence of hemodynamics on these measure-
ments, can you tell us a little bit about some hemodynamic
measurements of these patients at the time these calculations
were made—for example, arterial blood pressure during the post-
operative period?
Dr Licht. Our plan is to make correlations between the optical
measurements and multiple vital sign measurements during this
postoperative period. We use a CNS-100 Multimodal Neuromoni-
tor (CNS Technology, LLC, Ambler, Pa) to capture all vital
signs in real time off of the CNS-100 monitor through the
serial port.
The optical instruments are made continuously, so we have lon-
gitudinal measurements captured in real time that are time-locked
with continuous vital sign measurements. The data are quite com-
plex and the database is quite large. We are working closely with
an engineering group to develop new ways to look at the data. So
far we have looked at 2-input time series analysis between blood
flow and mean arterial blood pressure, and we do note that there
are considerable periods of time when autoregulation is disrupted.
However, if blood pressure is held constant for a long period of
time, it’s hard to know whether autoregulation is actually intact
or disrupted, so we have to figure out how to analyze these data.
We hope to have meaningful results available soon.204 The Journal of Thoracic and Cardiovascular SurgDr Pizarro. Third, the arterial oxygen content in single-ventri-
cle patients is probably influenced by several elements, including
mixed venous oxygen saturation. Although I would agree that im-
proving the lung function is one possible explanation for the obser-
vation of an increase during the postoperative period; however,
a blood sample from pulmonary veins would be required to sup-
port this assertion. Increased arterial oxygen content in these pa-
tients, therefore, could be a reflection of changes in cardiac
output during the postoperative period. Do you have any measures
on the status of the systemic perfusion, like amixed venous oxygen
saturation trend or lactate levels, or this is part of probably the
analysis that, in theory, would come in the future?
Dr Licht. Measurements of mixed venous saturations and car-
diac output are not part of the research protocol and are routinely
collected clinically in all patients. However, we do have a way of
separating out the venous component of our cerebral oxygen satu-
ration measurements. And if you gate the instrument to respiratory
rate for those patients that are still mechanically ventilated, you
can do a Fourier transform of the optical data and find the venous
saturations in the brain.
Dr Pizarro. Fourth, experimental data in animals suggests that
impairment in cerebral metabolism is directly related to the dura-
tion of circulatory arrest. You have shown us that CMRO2 was not
affected by the duration of circulatory arrest. Can you provide your
insight about the reason for this observation?
Dr Licht. That’s a more difficult question and purely specula-
tive. I believe that the brain is fully protected during that period
of deep hypothermia. We do not measure metabolic recovery dur-
ing rewarming from low temperatures that occurs within the oper-
ating room. Our measurements are made after the babies are
returned to the CICU, a full 1.5 hours after separation from bypass.
Time of measurement is important, and it is possible that the differ-
ences in CMRO2measurements are related to this. It’s our intention
to develop an optical instrument that can measure brain tempera-
ture so that we can correlate temperature with return of CMRO2.
Dr Pizarro. Noninvasive assessment of CMRO2 in real time
can be a very important contribution to understanding the impact
of management strategies on the cerebral circulation and its effects
on neurodevelopmental outcome. I congratulate you and your col-
leagues on this very exciting work and look forward to learning
more from your future analysis.
Dr Richard Gates (Orange, Calif). A perfusion technique
question: It’s clear in the hypoplast group that you were using
circulatory arrest and deep hypothermia. In the transposition
group, is it safe to assume these patients were at full flow—say,
32C—CPB?
Dr Licht. Correct.
Dr Gates. Then, apart from the other influencing factors, such
as oxygen saturation and level of anesthesia, do you believe that
the technique of more normothermic bypass may be the rea-
son—as opposed to using circulatory arrest—that you saw these
more favorable cerebral measurements in the transposition group?
Dr Licht. Well, it’s very hard to separate because of the dif-
ferences in anatomy between the 2 groups. The babies with the
transposition have a corrected heart and complete separation of
the arterial and venous circulations, so I believe the differences
are reflective of improved arterial saturations in this population.
A better comparison would be comparing infants with HLHSery c January 2013
Buckley et al Congenital Heart Diseasewho receive surgery with DHCA and infants with HLHS who
receive surgery with deep hypothermic antegrade flow with cir-
culatory arrest, and we are looking for collaborations for that
study.
Dr Gates. Yes, I would think it would be a very good study. Our
group has been performing our Norwoods using continuousThe Journal of Thoracic and Canormothermia selective cerebral perfusion for>7 or 8 years and
have been very pleased with the neurologic outcomes. It would
be very interesting to compare a continuous selective normother-
mic group versus the DHCA group versus the deep hypothermia
with selective perfusion group, with regard to these cerebral issues.
Thank you for an excellent presentation.rdiovascular Surgery c Volume 145, Number 1 205
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